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[57] ABSTRACT 

A semiconductor device includes a semiconductor substrate; 
an active layer having a ?rst surface and a second surface 
opposing each other and located on the ?rst surface of the 
semiconductor substrate with the second surface of the 
active layer contacting the ?rst surface of the semiconductor 
substrate; a recess structure at the ?rst sm‘face of the active 
layer and having a bottom within the active layer; a gate 
electrode on the bottom of the recess structure; a second 
surface drain electrode disposed on the second surface of the 
active layer adjacent the recess structure; and a source 
electrode disposed on the opposite side of the recess struc 
ture from the second. Consequently, even if the distance 
between the edge of the surface drain electrode gate elec 
trode and the corner of the recess structure is reduced, a high 
gate-drain breakdown voltage can be realized. 

9 Claims, 9 Drawing Sheets 
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RECESSED GATE FIELD EFFECT 
TRANSISTOR 

FIELD OF THE INVENTION 

The present invention relates to a semiconductor device 
and more particularly, to a ?eld eifect transistor having a 
recess structure. 

BACKGROUND OF THE INVENTION 

FIGS. 8(a) and 8(b) are cross-sectional views illustrating 
a ?eld e?’ect transistor (referred to as FEI‘ hereinafter) 
having a recess structure as an example of a conventional 
semiconductor device. In the ?gures, reference numeral 100 
designates a GaAs semiconductor substrate having a 
surface. reference numeral 2 designates a GaAs bu?ter layer 
disposed on the surface of the GaAs semiconductor substrate 
100, reference numeral 1 designates an 11 type GaAs active 
layer disposed on the surface of the buffer layer 2, reference 
numerals 15a and 15b designate recess structures, and 
reference numeral 4 designates a gate electrode comprising 
materials such as A1, of a width of 0.25 to 0.5 pm, and 
disposed on the center of ?oors of the recess structures 15a 
and 15b. The distance from the edge of the gate electrode 4 
to the corner of the recess structure 15a is about 0.5 pm and 
the distance from the edge of the gate electrode 4 to the 
corner of the recess structure 15b is about 0.2 pm. Reference 
numerals 3 and 10 designate a source electrode and a drain 
electrode, respectively, both comprising AuGe and related 
materials and disposed on both sides of the recess structures 
15a and 15b. The distance between the source electrode 3 
and the drain electrode 10 is 2.5 to 4 pm. Reference numeral 
6 designates a depletion region generated under the gate 
electrode 4. 

FIGS. 9(a) to 9(d) are cross-sectional process views 
illustrating a fabricating method of a conventional FE'I‘, 
where the same reference numerals used in FIGS. 8(a) and 
8(b) are to designate the same or corresponding parts. 
Reference numeral 18 designates a resist, and reference 
numeral 4a designates a layer comprising the gate electrode 
material. 

The fabricating method will be described as follows. First, 
as shown in FIG. 9(a), the active layer 1 and the buffer layer 
2 are successively grown on the surface of the semiconduc 
tor substrate 100 using an epitaxial growth method Then, as 
shown in FIG. 9(b), the source electrode 3 and the drain 
electrode 10 are formed on the surface of the active layer 
using evaporation and lift-01f method. 

Next, the resist 18 having an opening between the source 
electrode 3 and the drain electrode 10 is formed covering the 
surfaces of the source electrode 3 and the drain electrode 10. 
Using this resist 18 as a mask, as shown in FIG. 9(d), the 
active layer 1 is etched to produce the recess structure 15a 
and furthermore, using the resist 18 as a mask, the gate 
electrode 4 is formed preferably by evaporation. Simulta 
neously with the production of the gate electrode 4. the layer 
4a comprising the gate electrode material is also deposited 
on the resist 18. - 

Finally, the layer 4a comprising the gate electrode mate 
rial on the resist 18 is removed together with the resist 18 to 
produce the FET shown in FIG. 8(a). 
The operation of the FE!‘ will be described as follows. As 

can be seen in FIG. 8(a), the FET having the recess structure 
on the active layer 1 has the depletion region 6 under the gate 
electrode 4. This depletion region 6, when a negative voltage 
is applied to the gate electrode 4, grows horizontally mainly 

10 

20 

30 

35 

45 

55 

65 

2 
toward the drain electrode 10 as long as the depletion region 
6 exists in the close proximity of the bottom of the recess 
structure 15a. The larger the ratio of this depletion region 6 
to the path which describes the shortest distance connecting 
the gate electrode 4 and the drain electrode 10 within the 
active layer, the higher the gate-drain breakdown voltage 
becomes. 

The conventional FET is constructed as described above. 
However, if the edge of the gate electrode 4 and the corner 
of the recess structure 15a are widely separated as shown in 
FIG. 8(a), the time for the FET to reach a stationary state 
after a voltage is applied becomes longer and characteristics 
such as a pulse response characteristic is thus degraded. For 
this reason, there are cases in which the distance between the 
edge of the gate electrode 4 and the corner of the recess 
structure 15b is shortened to improve the FET characteris 
tics. 

However, if the width of the recess structure 15b of the 
FET is reduced, as a negative voltage applied to the gate 
electrode 4 is increased, the depletion region 6 starts to grow 
out of proximity of the bottom of the recess structure 15b. 
It extends to an upper portion of the active layer 1 on which 
the drain electrode 10 is located, i.e., it extends upward 
along the wall of the recess structure 15b as shown in FIG. 
8(b). Therefore, the ratio of the depletion region 6 to the path 
describing the shortest distance connecting the gate elec 
trode 4 and the drain electrode 10 within the active layer 1 
does not increase in accordance with an increase in the gate 
voltage, thereby decreasing the gate-drain breakdown volt 
age of the FET. 

The structure of an FET designed to solve the above 
mentioned problem is shown in Japanese Published Utility 
Model Application No. Sho. 62-151769. FIG. 10 is a cross 
sectional view illustrating a structure of another prior art 
FEI‘ which is similar to that of the FET shown in Japanese 
Published Utility Model Application No. Sho. 62-151769. In 
the ?gure, reference numeral 51 designates a semiconductor 
substrate, reference numeral 52 designates a buifer layer, 
reference numeral 53 designates an active layer, reference 
numeral 54 designates a source electrode, reference numeral 
55 designates a drain electrode, reference numeral 56 des 
ignates a recess structure, reference numeral 57 designates a 
gate electrode, and reference numeral 58 designates a deple 
tion region. 

Furthermore, FIGS. 11(a) to 11(d) are cross-sectional 
views illustrating the fabricating method of the prior art 
FET, where the same reference numerals used in FIG. 10 
designate the same or corresponding parts. Reference 
numeral 59 designates a resist. 

The fabricating method of this prior art FE'I‘ will be 
described as follows. First, as shown in FIG. 11(a), the 
butfer layer 52 and the active layer 53 are epitaxially grown 
in this order on the substrate 51, preferably by CV D. Next, 
a portion of the rear surface of the substrate 51 is etched to 
the proximity of the buifer layer 52 in a ?rst etching step. 
Next, the source electrode 54 and the drain electrode 55 are 
formed on the active layer 53 by evaporation, a space 
separating these two electrodes corresponding to the portion 
of the substrate 51 which was etched away (FIG. 11(b)). 
Next, the resist 59 is deposited on the rear surface of the 
substrate 51 and a portion of the resist 59 where the gate 
electrode 57 is to be located is exposed to light only over a 
prescribed width and it is developed. Then, using this resist 
59 as a mask, the rear surface of the substrate 51 is etched 
until the etching front reaches the active layer 53 in a second 
etching step using a phosphoric acid based etchant to 
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produce the recess structure 56. Then, using the resist 59 as 
a mask, the gate electrode 57 is formed by evaporation of Al, 
and the resist 59 is removed together with the unnecessary 
Al layer 57 to produce the FEI‘. 
The operation of the PET will be described as follows. As 

shown in FIG. 10, this prior art FE'I‘ has the depletion region 
58 in the active layer 53 in contact with the gate electrode 
57. This depletion region 58, when a negative voltage is 
applied to the gate electrode 57, grows horizontally mainly 
toward the drain electrode 55. However. in this FET, the 
drain electrode 55 is located on the surface of the active 
layer 53 opposite to the side having the recess structure 56. 
Therefore, even if the depletion region 58 grows out of the 
proximity of the bottom of the recess structure 56, it does not 
grow along the wall of the recess structure 56 like the 
conventional FEI‘ illustrated in FIG. 8(b). but it grows 
toward the surface of the active layer 53 on which the drain 
electrode 55 is located. Therefore, the ratio of the depletion 
region 58 to the path which describes the shortest distance 
connecting the gate electrode 57 and the drain electrode 55 
within the active layer 53 increases in response to the 
voltage applied to the gate electrode 57. Even if the distance 
d between the corner of the recess structure 56 and the edge 
of the gate electrode 57 is quite small, i.e., about 0.2 um, the 
gate-drain breakdown voltage does not decrease. 
As described above, in the prior art FEI‘, the distance 

between the corner of the recess structure 56 and the edge of 
the gate electrode 57 is shortened and the gate-drain break 
down voltage does not decrease. However, since the recess 
structure 56 and the gate electrode 57 are located on the rear 
surface of the active layer 53, that is, on the side of the rear 
semiconductor substrate 51, in order to produce this 
structure, it is necessary to, after removing the portion of the 
semiconductor substrate 51 where the recess structure 56 is 
to be formed, deposit the resist 59 on the rear surface of the 
semiconductor substrate 51 and open an aperture for form 
ing the recess structure 56 by an exposure to light followed 
by development of the resist 59 at a location corresponding 
to the recess formed by the ?rst etching step. This opening 
is also used as a masking pattern when forming the gate 
electrode 57. However, since the width of the gate electrode 
is usually quite ?ne, i.e., 0.25 to 0.5 run, it is also necessary 
to make the width of the opening quite ?ne. Since the 
thickness of the semiconductor substrate 51 is usually sev 
eral hundreds of microns, the depth of the recess formed on 
the semiconductor substrate 51 by the ?rst etching step also 
becomes several hundreds of microns. If the resist 59 is 
deposited on a recess of such a depth, the resist 59 ?lls the 
recess and the thickness of the resist 59 in this recess 
becomes large. It is extremely dif?cult to perform a high 
precision exposure on a resist of such a large thickness, and 
the opening for forming the recess structure has poor pre 
cision. If this resist 59 is used to form the gate electrode 57, 
the gate length of the gate electrode 57 has poor precision 
and the position where the gate electrode is placed also has 
of poor precision. Since, in a transistor, the gate length is an 
important factor for determining transistor characteristics, in 
the prior art FE'I‘ the desired transistor characteristics are not 
obtained and 'FETs of uniform characteristics are not 
obtained. . 

Furthermore, for the prior art FE'I‘, since the recess 
structure 56 is formed on the rear surface of the active layer 
53, it is necessary to etch the active layer in the second 
etching step to produce the recess structure 56 after etching 
the portion of the semiconductor substrate 51 and the buffer 
layer 52. Therefore, the etching depth is large compared to 
the case where the active layer 53 alone is etched. so that this 
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4 
makes the etching precision poor and the desired recess 
width is not obtained. In a transistor, the recess width is also 
an important factor determining transistor characteristics 
and high precision is required However, in the prior art FET, 
since the etching has poor precision and the desired recess 
width is not obtained, the desired transistor characteristics 
cannot be obtained and FETs of uniform characteristics 
cannot be obtained with great repeatability. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a 
semiconductor device having a high gate-drain breakdown 
voltage even when the distance between the edge of a gate 
electrode and the corner of a recess structure is shortened 
and desired characteristics with great repeatability. 

Other objects and advantages of the present invention will 
become apparent from the detailed description that follows. 
The detailed description and speci?c embodiments 
described are provided only for illustration since various 
additions and modi?cations within the scope of the inven 
tion will be apparent to those of skill in the art from the 
detailed description. 

According to a ?rst aspect of the present invention, a 
semiconductor device comprises a semiconductor substrate 
having a ?rst surface and a second surface opposing to each 
other; an active layer having a ?rst surface and a second 
surface opposing to each other and disposed on the ?rst 
surface of the semiconductor substrate with the second 
surface of the active layer contacting the ?rst surface of the 
substrate; a recess structure formed on the ?rst surface of the 
active layer and having a bottom within the active layer; a 
gate electrode disposed on the bottom of the recess structure; 
a second surface drain electrode, not requiring high preci 
sion and therefore easy to fabricate, disposed on the second 
surface of the active layer in an adjacent region of the recess 
structure; and a source electrode disposed in a region of the 
?rst surface of the active layer opposing to the second 
surface drain electrode about the recess structure. Therefore, 
even if the distance between the edge of the gate electrode 
and the corner of the recess structure is reduced, a high 
gate-drain breakdown voltage can be realized, and a semi 
conductor device displaying desired characteristics with 
great repeatability can be provided. 

According to a second aspect of the present invention, in 
the semiconductor device described as in the ?rst aspect of 
the present invention, the second surface drain electrode is 
connected to other circuit elements on the second surface of 
the semiconductor substrate. Therefore, the connection 
between the second surface drain electrode and the other 
circuit elements formed on the second surface of the semi 
conductor substrate can be easily performed. 

According to a third aspect of the present invention, the 
semiconductor device described as in the ?rst aspect of the 
present invention further includes a contact electrode pen 
etrating the active layer; and the second surface drain 
electrode being connected to the contact electrode. 
Therefore, the electrical connection with the second surface 
drain electrode can be made from the ?rst surface of the 
active layer via the contact electrode, and the connection of 
the FET to the other circuit elements disposed on the ?rst 
surface of the semiconductor substrate can be easily per 
formed 

According to a fourth aspect of the present invention, the 
semiconductor device described as in the ?rst aspect of the 
present invention further includes a contact layer of low 
resistance disposed within the active layer; a ?rst surface 
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drain electrode disposed on the ?rst surface of the active 
layer; the second surface drain electrode being connected to 
the ?rst surface drain electrode via the contact layer; and an 
insulating region provided between the recess structure and 
the contact layer in the active layer such that both the contact 
layer and the ?rst surface drain electrode are not directly and 
electrically connected to a region of the active layer in the 
vicinity of the recess structure while the region of the active 
layer in the vicinity of the recess structure is electrically 
connected to the second surface drain electrode. Therefore, 
the connection of the FBI‘ to the other circuit elements 
disposed on the ?rst surface of the semiconductor substrate 
can be easily performed. In addition, the ?rst surface drain 
electrode for taking out the second surface drain electrode 
from the ?rst surface can be positioned close to the recess 
structure due to the insulating region, the area of the 
semiconductor device can be reduced. 
According to a ?fth aspect of the present invention, a 

semiconductor device comprises a semiconductor substrate 
having a ?rst sin-face and a second surface opposing to each 
other; an active layer having a ?rst surface and a second 
surface opposing to each other and disposed on the ?rst 
surface of the semiconductor substrate with the second 
surface of the active layer contacting the ?rst surface of the 
semiconductor substrate; a recess structure formed on the 
?rst surface of the active layer and having a bottom within 
the active layer; a gate electrode formed on the bottom of the 
recess structure; a drain electrode disposed on the ?rst 
surface of the active layer such that the drain electrode is not 
directly and electrically connected to a region of the active 
layer in the vicinity of the recess structure; a contact layer of 
low resistance disposed in a region of the active layer 
adjacent to the recess structure and electrically connected to 
the drain electrode such that a depletion region generated in 
a region of the active layer in contact with the gate electrode 
is attracted to the second surface side of the active layer; and 
a source electrode disposed in a region of the ?rst surface of 
the active layer opposing to the drain electrode about the 
recess structure. Therefore, the processes of producing a 
gate electrode or a second surface drain electrode on the 
second surface of the active layer can be eliminated, and 
even when the distance between the edge of the gate 
electrode and the corner of the recess structure is reduced, a 
high gate-drain breakdown voltage can be realized, and the 
semiconductor device displaying desired characteristics 
with great repeatability can be easily provided. 

According to a sixth aspect of the present invention, the 
semiconductor device described as in the ?fth aspect of the 
present invention further includes the contact layer extend 
ing from the ?rst surface to the second surface of the active 
layer; and an insulating region disposed between the contact 
layer and the region of the active layer in the vicinity of the 
recess structure and extending from the ?rst surface of the 
active layer but not reaching the second surface of the active 
layer. Therefore, even if the distance between the edge of the 
gate electrode and the corner of the recess structure is 
reduced, a high gate-drain breakdown voltage can be real 
ized and a semiconductor device displaying desired charac 
teristics with great repeatability can be easily provided. 

According to a seventh aspect of the present invention, the 
semiconductor device described as in the ?fth aspect of the 
present invention further includes a barrier layer having a 
conductivity type opposite to the conductivity type of the 
active layer disposed in the active layer at the prescribed 
depth; a recess formed on the ?rst surface of the active layer 
and having a bottom deeper than the barrier layer, the recess 
being in contact with the contact layer on the side opposite 
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6 
to the recess structure side; the contact layer extending from 
the ?rst surface to the second surface of the active layer; and 
the drain electrode disposed on the inner surface of the 
recess without contacting the contact layer. Therefore, even 
if the distance between the edge of the gate electrode and the 
corner of the recess structure is reduced, a high gate-drain 
breakdown voltage can be realized and a semiconductor 
device displaying desired characteristics with great repeat 
ability can be easily provided. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a cross-sectional view illustrating an FBI‘ 
according to a ?rst embodiment of the present invention. 

FIGS. 2(a) to 2(f) are cross-sectional process views illus 
trating a method of fabricating the FEI‘ according to the ?rst 
embodiment of the present invention. 

FIG. 3 is a cross-sectional view illustrating an FBI‘ 
according to a modi?cation of the ?rst embodiment of the 
present invention. 

FIG. 4 is a cross-sectional view illustrating an FEI‘ 
according to a second embodiment of the present invention. 

FIG. 5 is a cross-sectional view illustrating an FBI‘ 
according to a third embodiment of the present invention. 

FIG. 6 is a cross-sectional view illustrating an FE'I‘ 
according to a fourth embodiment of the present invention. 

FIG. 7 is a cross-sectional view illustrating an FEl‘ 
according to a ?fth embodiment of the present invention. 

FIGS. 8(a) and 8(b) are cross-sectional views illustrating 
an FBI according to the prior art. 

FIGS. 9(a) to 9(d) are cross-sectional process views 
illustrating a method of fabricating the prior art FEI‘ shown 
in FIGS. 8(a) and 8(b). 

FIG. 10 is a cross-sectional view illustrating an FBI‘ 
according to the prior art. 

FIGS. 11(a) to 11(d) are cross-sectional process views 
illustrating a method of fabricating the prior art FEI‘ shown 
in FIG. 10. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[EMBODIMENT 1] 
FIG. 1 is a cross-sectional view illustrating the structure 

of an FET according to a ?rst embodiment of the present 
invention. In the ?gure, reference numeral 100 designates a 
GaAs semiconductor substrate having a surface, reference 
numeral 2 designates a GaAs bu?’er layer on the sm'face of 
the GaAs semiconductor substrate 100. Reference numeral 
1 designates a GaAs active layer of a thickness of 1500 to 
3000 A, containing an n type dopant such as Si, Al, and In, 
and disposed on the sln'face of the buffer layer 2. Reference 
numeral 15 designates a recess structure of a depth of 1000 
to 2000 A. Reference numeral 4 designates a gate electrode 
of a width of 0.25 to 0.5 pm, comprising a material such as 
Al, and placed at the center of the bottom of the recess 
structure 15. The distance d between the corner of the recess 
structure 15 and the edge of the gate electrode 4 is about 0.5 
pm. Reference numeral 3 designates a source electrode 
comprising AuGe and related materials and disposed on one 
of the sides of the recess structure on the surface of the active 
layer 1. Reference numeral 5 designates a drain electrode 
comprising AuGe and related materials and disposed on the 
rear surface of the active layer 1 on the other of the sides of 
the recess structure 15. The distance between the source 
electrode 3 and the drain electrode 5 in the recess width 
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direction is 2.5 to 4 run. Reference numeral 6 designates a 
depletion region generated under the gate electrode 4. 

FIGS. 2(a) to 20‘) are cross-sectional views illustrating the 
fabricating method of the FBI‘ in accordance with the ?rst 
embodiment of the present invention. In the ?gure, the same 
reference numerals used in FIG. 1 are to designate the same 
or corresponding parts. Reference numerals 16 and 17 
designate ?rst and second resists, respectively, and reference 
numeral 4a designates a layer comprising the gate electrode 
material. 

Next, the fabricating method is described with reference 
to FIGS. 2(a) to 2(1‘). First, as shown in FIG. 2(a), the buffer 
layer 2 and the active layer 1 are successively formed on the 
surface of the semiconductor substrate 100 by an epitaxial 
growth method. Next, as shown in FIG. 2(b), the source 
electrode 3 is formed on the surface of the active layer 1 by 
evaporation and lift-off. 
Then, as shown in FIG. 2(a), the ?rst resist 16 having an 

opening for producing the recess structure 15 next to the 
source electrode 3 is deposited so as to cover the source 
electrode 3 and the surface of the active layer 1. Then. using 
this ?rst resist 16 as a mask, as shown in FIG. 2(d), the active 
layer 1 is etched to a depth of 1000 to 2000 A using, for 
example, tartaric acid so that the recess structure 15 is 
formed. Furthermore, using the ?rst resist 16 as a mask, the 
gate electrode 4 is formed by evaporation. Simultaneously 
with the production of the gate electrode 4, the layer 4a 
comprising the gate electrode material is formed on the ?rst 
resist 16. 

Then, the gate electrode material 4a on the ?rst resist 16 
is removed together with the ?rst resist 16, and, as shown in 
FIG. 2(e), the second resist 17 having an opening under the 
region which is opposing to the source electrode 3 about the 
recess structure 15 is formed on the surface opposite to the 
front surface of the semiconductor substrate 100 (also 
referred to as the rear surface of the semiconductor substrate 

100 hereinafter). 
Furthermore, using the second resist 17 as a mask, the rear 

surface of the semiconductor substrate 100 is etched by RIE 
(reactive ion etching) until the rear surface of the active layer 
1 is exposed using, for example, a mixture of He and Cl 
(FIG. 2(f)). Then. using the second resist 17 as a mask, the 
drain electrode 5 is formed on the rear surface of the active 
layer 1 by evaporation, and the second resist 17 is removed, 
thereby producing the FET shown in the FIG. 1. 

Next, the operation is described. As shown in FIG. 1, this 
FET has the depletion region 6 under the gate electrode 4. 
This depletion region 6, as long as it remains in a region 
under the recess structure 15, grows horizontally mainly 
toward the drain electrode 5 when a negative voltage is 
applied to the gate electrode 4. The FET of the ?rst embodi 
ment has the drain electrode 5 on the rear SlIl'f?C? of the 
active layer 1 which is opposite the surface on which the 
recess structure 15 is provided, as shown in FIG. 1. 
Therefore, even if the depletion region 6 grows out from 
under the recess region of the recess structurev 15, the 
depletion region 6 does not spread along the side wall of the 
recess structure 15b like the prior art FET as shown in FIG. 
8(b), but spreads toward the rear surface of the active layer 
1 on which the drain electrode 5 is provided. Therefore, the 
ratio of the depletion region to the path which describes the 
shortest distance connecting the gate electrode 4 and the 
drain electrode 5 within the active layer 1 varies in response 
to the voltage applied to the gate electrode 4, and the 
gate-drain breakdown voltage does not decrease even 
though the distance d between the corner of the recess 
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structure 15 and the edge of the gate electrode 4 is quite 
small, i.e., about 0.5 pm. 

Furthermore, since in the ?rst embodiment the recess 
structure 15 and the gate electrode 4 can be formed on the 
surface of the active layer 1, the widths of the recess 
structure 15 and the gate electrode 4 can be controlled with 
high precision and the gate electrode 4 can be formed in the 
recess structure 15 with high precision. Furthermore, since 
the width of the drain electrode 5 is several microns and it 
is very large comparedto the widths of the gate electrode 4 
and the recess structure 15, the mask pattern of the resist 17 
that is used while etching the semiconductor substrate 100 or 
the buffer layer 2 is easily formed. Furthermore, since the 
accuracy of positioning of the drain electrode does not 
signi?cantly in?uence transistor characteristics, even if the 
accuracy of positioning the drain electrode 5 during fabri 
cation is deteriorated to some degree, approximately 
required transistor characteristics are obtained. Therefore, I 
when compared to Japanese Published Utility Model Appli 
cation No. Sho. 62-151769 in which the gate electrode was 
formed at the semiconductor substrate side of the active 
layer, it is easier to obtain an FET having the desired 
transistor characteristics. 
As described above, according to the ?rst embodiment of 

the invention, since the FET includes the recess structure 15 
on the surface of the active layer 1, the gate electrode 4 
disposed on the bottom of the recess structure 15, and the 
drain electrode 5 on the rear surface of the active layer 1 of 
the region next to the recess structure 15, even if the distance 
between the edge of the gate electrode and the comer of the 
recess structure is reduced, an FET having a high gate-drain 
breakdown voltage and desired characteristics with great 
repeatability can be provided. 
When it is required in the ?rst embodiment to connect the 

drain electrode 5 with other circuit elements that are formed 
on the surface opposite to the front surface of the semicon 
ductor substrate 100, the drain electrode 12 can be formed 
so that it is connected to these rear surface circuit elements 
(not shown in the ?gure) as shown in the FIG. 3. In FIG. 3, 
the same reference numerals used in FIG. 1 designate the 
same or corresponding parts. Reference numeral 12 desig 
nates the drain electrode which is connected to the rear 
surface circuit elements. In this case, the drain electrode and 
other circuit elements formed on the rear surface of the 
semiconductor substrate can easily be connected 

[EMBODIMENT 2] 
FIG. 4 is a cross-sectional view illustrating an FET 

according to a second embodiment of the present invention. 
In the ?gure, the same reference numerals used in FIG. 1 
designate the same or corresponding parts. Reference 
numeral 7 designates a contact electrode. 
The FET of this second embodiment is fabricated as 

follows, i.e., by a method similar to that used for the FET of 
the ?rst embodiment. After producing the source electrode 3 
and the gate electrode 4, a region of the active layer 1 where 
the drain electrode 5 is to be formed and adjacent the recess 
structm'e 15 is etched from the surface of the active layer 1 
down to the interface with the buifer layer 2 using an etchant 
such as tartaric acid, thereby producing a through-hole. 
Then, a contact electrode 7 is formed by evaporation so as 
to cover the inner surface of the through-hole and, as in the 
?rst embodiment, the drain electrode 5 is formed on the rear 
surface of the active layer 1 for connection to the contact 
electrode 7. 

Since in the ?rst embodiment the drain electrode 5 is 
formed on the rear surface of the active layer 1, a decrease 
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in the gate-drain breakdown voltage is prevented. However, 
since ordinary semiconductor devices have FETs or other 
circuit elements on a main surface of the same semiconduc 
tor substrate, it is required to connect the drain electrode 5 
on the rear surface of the active layer 1 with the circuit 
elements on the front surface of the active layer 1. 
However, since, in the second embodiment, the drain 

electrode 5 on the rear surface side of the active layer 1 is 
connected to the front surface of the active layer 1 via the 
contact layer 7, the decrease in the gate-drain breakdown 
voltage of the FBI‘ can be prevented as well as the connec 
tion of the FET with other circuit elements on the front 
surface of the semiconductor substrate 100 can be easily 
performed. However, the contact electrode 7 is preferably 
formed as far from the recess structure 15 as possible so that 
there is no in?uence on the growth direction of the depletion 
region 6. 
The second embodiment described above exhibits similar 

effects as in the ?rst embodiment. In addition, the connection 
of the FBI‘ to the other circuits on the front surface of the 
semiconductor substrate 100 can easily be realized. 
Although in the second embodiment the etching method 

utilizing tartaric acid is used in producing the through-hole 
in the active layer 1, other etching methods can be used with 
similar effects being obtained. 
Although in the second embodiment evaporation is used 

for forming the contact electrode 7, other methods can be 
used therefor with similar elfects being obtained. 

[EMBODIMENT 3] 
FIG. 5 is a cross-sectional view illustrating an FE'I‘ 

according to a third embodiment of the present invention. In 
the ?gure, the same reference numerals used in FIG. 1 
designate the same or corresponding parts. Reference 
numeral 8 designates an insulating region of high resistivity, 
reference numeral 9 designates a contact layer of low 
resistivity, and reference numeral 10 designates a surface 
drain electrode. 
The FE'I‘ of this third embodiment is fabricated as 

follows, similar to the method used for the FET of the ?rst 
embodiment. After forming the source electrode 3, the 
recess structure 15 and the gate electrode 4, the insulating 
region 8 is formed in a portion of the active layer 1 in the 
region next to the recess structure 15 opposite to the source 
electrode 3 by introducing hydrogen (H) or boron (B) by ion 
implantation until the bulfer layer 2 is reached. Then, the 
contact layer 9 is formed by introducing silicon (Si) or the 
like by ion implantation to a region of the active layer 1 
adjacent to the insulating region 8 and opposite the recess 
structure 15 side, and the surface drain electrode 10 is 
formed on the contact layer 9 by evaporation and lift-off. 
Then. as in the ?rst embodiment, the drain electrode 5 is 
formed on the rear surface of the active layer 1 so that it 
contacts the contact layer 9 and a region of the active layer 
1 which is adjacent the insulating region 8 on the recess 
structure 15 side. 

In the third embodiment, since, as in the ?rst embodiment, 
the recess structure 15 is in the front surface of the active 
layer 1 and the drain electrode 5 is on the rear surface of the 
active layer 1. even if the distance between the edge of the 
gate electrode 4 and the corner of the recess structure 15 is 
reduced, a high gate-drain breakdown voltage can be main 
tained. Furthermore, since the drain electrode 5 is connected 
by the surface drain electrode 10 disposed on the surface of 
the active layer 1 through the contact layer 9, the connection 
to the other circuits on the front surface of the semiconductor 
substrate 100 can be easily realized as in the second embodi 
ment. 
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Since there is the insulating region 8 between the recess 

structure 15 and the surface drain electrode 10, the growth 
of the depletion region 6 toward the surface drain electrode 
10 on the surface of the active layer 1 can be prevented. 
Therefore, although in the second embodiment it is neces 
sary to position the contact electrode 7 for taking the drain 
electrode 5 as far from the recess structure 15 as possible, it 
is possible to locate the surface drain electrode 10 close to 
the recess structure 15 in this third embodiment. 

Since the FET of this third embodiment includes the 
active layer 1, the insulating region 8 which penetrates the 
active layer 1 from the front surface to the rear surface at one 
side of the recess structure 15 of the active layer 1, the 
contact layer 9 disposed in the region adjacent the insulating 
region 8 opposite the recess structure 15 side, the drain 
electrode 5 disposed on the rear surface of the active layer 
1 in contact with the contact layer 9 and the region of the 
active layer 1 adjacent to the insulating region 8 on the 
recess structure 15 side. and the surface drain electrode 10 
on the surface of the contact layer 9. this third embodiment 
has effects similar to those of the second embodiment. In 
addition, relative to the second embodiment, the electrode 
for connecting the drain electrode on the rear surface of the 
active layer to the front surface can be positioned close to the 
recess structure, whereby the area of the FET can be 
reduced. ~ 

Although in the above ?rst, second, and third embodi 
ments RIE is used for etching the semiconductor substrate 
100 and the buffer layer 2 in forming the drain electrode 5, 
other methods that can produce a similar structure can be 
used. 

[EMBODlMENT 4] 
FIG. 6 is a cross-sectional view illustrating an FBI‘ 

according to a fourth embodiment of the present invention. 
In the ?gure. the same reference numerals used in FIG. 5 
designate the same or corresponding parts. 
The FET of the fourth embodiment is the same as the FBI‘ 

of the third embodiment except that the insulating region 8 
does not reach the buifer layer 2 and the drain electrode 5 is 
not disposed on the rear surface of the active layer 1. The 
FBI‘ is fabricated by a method similar to that used for 
fabricating the FBI‘ of the third embodiment. 

In the fourth embodiment, the surface drain electrode 10 
is formed on the surface of the contact layer 9 of low 
resistivity, and the contact layer 9 and the recess structure 15 
are separated by the insulating region 8. However, since the 
insulating region 8 does not reach the buffer layer 2 on the 
rear surface of the active layer 1 and, the contact layer 9 and 
the active layer 1 are connected with each other via a region 
under the insulating region 8, when a voltage is applied so 
that the gate electrode 4 becomes negative, the depletion 
region 6 grows toward the region between the insulating 
region 8 and the buffer layer 2. That is, since, as in the third 
embodiment the depletion region 6 grows toward the rear 
surface of the active layer 1, even if the distance between the 
edge of the gate electrode 4 and the corner of the recess 
structure 15 is reduced without locating the drain electrode 
on the rear surface of the active layer, a high gate-drain 
breakdown voltage can be maintained in this fourth embodi 
ment. Therefore, it is not necessary to form the drain 
electrode or the gate electrode on the rear surface side of the 
active layer 1 as in the FET according to the third embodi 
ment or the FEI‘ disclosed in Japanese Published Utility 
Model Application Sho. 62-151769, whereby the process for 
etching the semiconductor substrate and the buffer layer is 
not required Therefore. the FET can be easily fabricated. 
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Furthermore, since as in the third embodiment the surface 
drain electrode 10 is disposed on the surface of the active 
layer 1 and is connected to the active layer 1 through the 
contact layer 9, the connection of the FET to other circuit 
elements on the front surface of the semiconductor substrate 
100 can be easily performed in this fourth embodiment. 
According to the fourth embodiment, the FET includes 

the insulating region 8 which is provided on one side of the 
active layer 1 relative to the recess structure 15 and extends 
from the front surface of the active layer to a prescribed 
depth not reaching the rear surface. ‘The contact layer 9 
which extends from the front surface to the rear surface of 
the active layer 1 and is disposed at a region adjacent the 
insulating region 8, which region is opposite the side of the 
recess structure 15, and the surface drain electrode 10 is on 
the contact layer 9 at the front surface side of the active layer 
1, whereby similar effects as in the third embodiment are 
obtained. Furthermore, since the drain electrode and the gate 
electrode are not required to be the rear surface of the active 
layer, the fabrication process of the FET can be simpli?ed. 

[EMBODIMENT 5] 
FIG. 7 is a cross-sectional view illustrating an FET 

according to a ?fth embodiment of the present invention. In 
the ?gure, the same reference numerals used in FIG. 6 
designate the same or corresponding parts. Reference 
numeral la designates a ?rst 11 type GaAs active layer, 
reference numeral 1b designates a second 11 type GaAs 
active layer, reference numeral 911 designates a contact layer, 
and reference numeral 11 designates a p type GaAs barrier 
layer. The active layer 1 of this ?fth embodiment comprises 
a ?rst active layer 1a and a second active layer 1b. The 
barrier layer 11 of this ?fth embodiment is introduced so that 
the ?rst active layer 1a is positioned on the rear surface of 
the second active layer 112 while keeping a thickness of the 
second active layer 112 under the bottom of the recess 
structure 15 that is required for obtaining desired transistor 
characteristics. In addition, by locating the drain electrode 
10 on the surface of the ?rst active layer 1a, the surface drain 
electrode 10 can be proximate the rear surface of the second 
active layer 1b. An npn junction includes the ?rst active 
layer 1a, the barrier layer 11, and the second active layer 1b, 
the ?ow of current between the ?rst active layer 1a and the 
second active layer 1b and the growth of the depletion region 
6 toward the ?rst active layer 1a are prevented. 

Next, the fabricating method is described. As shown in 
FIG. 7, the buffer layer 2, the ?rst active layer la. the barrier 
layer 11, and the second active layer 1b having a thickness 
of 1500 to 3000 A are formed on the semiconductor sub 
strate 100 using an MBE (Molecular Beam Epitaxy) appa 
ratus or the like. Next, after forming the source electrode 3, 
the recess structure 15, and the gate electrode 4 on the 
surface of the second active layer 1b, the contact layer 9a 
having a depth reaching the buffer layer 2 is formed in the 
region next to the recess structure 15 by implanting Si at the 
surface of the active layer lb by ion implantation. Then, the 
region adjacent the contact layer 9a, which is opposite the 
side of the recess structure 15 is etched until the ?rst active 
layer la is exposed by RE using a mixture of He and Cl. 
Then, the surface drain electrode 10 connected to circuits 
and the like on the second active layer 1b (not shown in the 
?gure) is formed on the exposed surface of the ?rst active 
layer 1a preferably by evaporation. Then, the contact layer 
9a and the surface drain electrode 10 are not in direct contact 
with each other. The PET‘ is obtained as described above. 

In this ?fth embodiment, the surface drain electrode 10 is 
connected to the second active layer 1b on which the recess 
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12 
structure 15 is located through the ?rst active layer la 
exposed by etching and the contact layer 9a. When a voltage 
is applied so that the gate electrode 4 becomes negative, the 
depletion region 6 grows in the direction of the shortest 
distance between the gate electrode 4 and the drain electrode 
10. Since the depletion region 6 thus grows toward the 
contact layer 9a at the barrier layer 11, the depletion region 
6 does not circulate around the side of the recess structure 
15, whereby a high gate-drain breakdown voltage can be 
maintained. Therefore, similar effects as in the fourth 
embodiment can be obtained in this ?fth embodiment. 

Although in the ?fth embodiment the ?rst active layer and 
the barrier layer are formed using MBE, the ?rst active layer 
and the barrier layer can be formed by other methods with 
similar effects as in the above embodiments. 

Furthermore, although in the ?fth embodiment RIE is 
used as a method for etching the active layer 1 and the 
barrier layer 11 in forming the drain electrode, other meth 
ods which can form a similar structure can be used. 

Furthermore, although in the above third, fourth, and ?fth 
embodiments ion implantation is used as a method for 
forming the insulating region and the contact layer, other 
methods which can form insulating region and the contact 
layer can be used with the similar effects as in the above 
embodiments. 

While in the above ?rst, second, third, fourth, and ?fth 
embodiments an etching method using tartaric acid is used 
for forming the recess structure on the surface of the active 
layer, any other method which can produce a similar recess 
shape can be used for forming the recess structure. 

While in the above ?rst, second, third, fourth, and ?fth 
embodiments evaporation and lift-off are used for forming 
the source electrode, the gate electrode, and the drain 
electrode, any other method which can form the similar 
structure can be used. 

While in the above ?rst, second, third, fourth, and ?fth 
embodiments, the conductivity type of the active layer is n 
type, this invention can be applied to cases in which the 
conductivity type of the active layer is p type with similar 
e?’ects as in the above embodiments. 

While in the above ?rst, second, third, fourth, and ?fth 
embodiments, GaAs and related materials are used as for the 
active layer, this invention can be applied to cases other 
materials with similar effects as in the embodiments 
described. 

While in the above ?rst, second, third, fourth, and ?fth 
embodiments, an FEI‘ is described, this invention can be 
applied to other semiconductor devices with similar e?’ects 
as in the above embodiments. 
What is claimed is: 
1. A semiconductor device comprising: 
a semiconductor substrate having a ?rst surface and a 

second surface opposing each other; 
an active layer having a ?rst surface and a second surface 

opposing each other and disposed on the ?rst surface of 
the semiconductor substrate with the second surface of 
the active layer contacting the ?rst surface of the 
semiconductor substrate; 

arecess structure at the ?rst surface of the active layer and 
having a bottom within the active layer; 

a gate electrode disposed on the bottom of the recess 
structure; 

a second surface drain electrode disposed on the second 
surface of the active layer adjacent the recess structure; 
and 
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a source electrode disposed on the ?rst surface of the 
active layer on the opposite side of the recess structure 
from the second surface drain electrode. 

2. The semiconductor device as de?ned in claim 1 
wherein said second surface drain electrode is connected to 
other circuit elements from the second surface of the semi 
conductor substrate. 

3. The semiconductor device as de?ned in claim 1 includ 
ing a contact electrode penetrating the active layer and 
connected to said second surface drain electrode. 

4. The semiconductor device as de?ned in claim 1 includ 
ing: 

a contact region in the active layer having a lower 
resistivity than other regions of the active layer; 

a ?rst surface drain electrode disposed on the ?rst surface 
of the active layer, said second surface drain electrode 
being connected to the ?rst surface drain electrode by 
the contact region; and 

an insulating region disposed between the recess structure 
and the contact region and disposed in the active layer 
so that both the contact region and the ?rst surface drain 
electrode are not directly electrically connected to the 
active layer proximate the recess structure, and the 
active layer proximate the recess structure is electri 
cally connected to die second surface drain electrode 
through part of the active layer. 

5. A semiconductor device comprising: 
a semiconductor substrate having a ?rst surface and a 

second surface opposing each other; 
an active layer having a ?rst surface and a second surface 

opposing each other and disposed on the ?rst surface of 
the semiconductor substrate with the second surface of 
the active layer contacting the ?rst surface of the 
semiconductor substrate; 

a recess structure at the ?rst surface of the active layer and 
having a bottom within the active layer; 

a gate electrode disposed on the bottom of the recess 
structure; 

a drain electrode disposed on the ?rst surface of the active 
layer and not directly electrically connected to the 
active layer proximate the recess structure wherein the 
active layer includes (i) a contact region having a lower 
resistivity than other regions of the active layer, adja 
cent to the recess structure, and electrically connected 
to the drain electrode such that a depletion region 
generated in a region of the active layer in contact with 
the gate electrode grows toward the second surface of 
the active layer with increasing gate electrode voltage 
and (ii) an insulating region disposed between the 
contact region and the recessed structure; and 

a source electrode disposed on the ?rst surface of the 
active layer on the opposite side of the recess structure 
from the drain electrode. 
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6. The semiconductor device as de?ned in claim 5 

wherein the contact region extends from the ?rst surface to 
the second surface of the active layer and the insulating 
region extends from the ?rst surface of the active layer 
toward but not reaching the second surface of the active 
layer. 

7. A semiconductor device comprising; 
a semiconductor substrate having a ?rst surface and a 

second surface opposing each other; 
an active layer having a ?rst conductivity type. a ?rst 

surface and a second surface opposing each other, the 
active layer being disposed on the ?rst surface of the 
semiconductor substrate with the second surface of the 
active layer contacting the ?rst surface of the semicon 
ductor substrate; 

a recess structure at the ?rst surface of the active layer and 
having a bottom within the active layer; 

a gate electrode disposed on the bottom of the recess 
structure; 

a drain electrode disposed on the ?rst surface of the active 
layer and not directly electrically connected to the 
active layer proximate the recess structure wherein the 
active layer includes (i) a contact region having a lower 
resistivity than other regions of the active layer, adja 
cent to the recess structure, and electrically connected 
to the drain electrode such that a depletion region 
generated in a region of the active layer in contact with 
the gate electrode grows toward the second surface of 
the active layer with increasing gate electrode voltage 
and (ii) a barrier region having a second conductivity 
type opposite to the ?rst conductivity type of the active 
layer and disposed within the active layer; 

a source electrode disposed on the ?rst surface of the 
active layer on the opposite side of the recess structure 
from the drain electrode; and ‘ 

a recess at the ?rst surface of the active layer and having 
a bottom in the active layer deeper than the barrier 
region, the recess exposing part of the contact region on 
a side opposite the recess structure, the contact region 
extending from the ?rst surface to the second surface of 
the active layer and the drain electrode being disposed 
on an inner sm'face of the recess without contacting the 
contact region. 

8. The semiconductor device as de?ned in claim 5 
wherein the insulating region extends from the ?rst surface 
of the active layer to the second surface of the active layer. 

9. The semiconductor device as de?ned in claim 8 
wherein the insulating region extends from the ?rst surface 
of the active layer to the second surface of the active layer 
including a second surface drain electrode disposed on the 
second surface of the active layer. 

* * * * * 


